Abstract-The functional significance of newly formed granule neurons in the adult mammalian hippocampus remains a mystery. Recently, it was demonstrated that wheel running increases new neuron survival and c-Fos expression in new and pre-existing granule cells in an activity-dependent manner. It is currently unknown whether other immediate early genes (IEGs) become expressed in granule neurons from running. Further, it is unknown whether locomotor activity in home cages without wheels can influence neurogenesis and IEG expression similar to running. The purpose of this study was three-fold: (1) to determine if Arc and Zif268 expression are also induced from wheel running in both pre-existing and newly formed neurons (2) to determine if neurogenesis and IEG induction is related to horizontal distance traveled in home cages without wheels, and (3) to determine whether IEG induction is related to acute bouts of running or chronic effects. Adult C57BL/6J female mice were placed in cages with or without running wheels for 31 days. The first 10 days, mice received daily injections of 5-Bromo-2=-deoxyuridine (BrdU) to label dividing cells. On day 1, running and nonrunning animals were euthanized either 2 h after peak activity, or during a period of relative inactivity. Immunohistochemistry was performed on hippocampal sections with antibodies against BrdU, mature neuron marker NeuN, c-Fos, Arc, and Zif268. Results demonstrate that Arc, Zif268, and c-Fos are induced from wheel running but not movement in cages without wheels. All IEGs were expressed in new neurons from running. Further, IEGs were induced acutely by running, as increased expression did not continue into the light cycle, a period of relative inactivity. The results suggest that robust movements, like running, are necessary to stimulate IEG expression and neurogenesis. Moreover, results suggest new neurons from running may be processing information about running behavior itself. Published by Elsevier Ltd on behalf of IBRO.
Aerobic running, either voluntary or forced, stimulates the formation of granule neurons in the adult rodent hippocampus (van Praag et al., 1999b; Uda et al., 2006) . The number of new neurons generated are strongly related to distance run in mice housed with exercise wheels (Rhodes et al., 2003b; Bednarczyk et al., 2009; Clark et al., 2009 Clark et al., , 2011 . Moreover, exercise-induced neurogenesis can increase the volume of the entire granule cell layer by adding to the total number of granule neurons (Rhodes et al., 2003b; Clark et al., 2008) . These discoveries have drawn much interest, as they provide evidence that the generation of new nervous tissue in the adult mammalian brain is possible and can be stimulated naturally by physical activity. However, very little is known about the function of new neurons from wheel running (Clark et al., 2008 ). Moreover, how new neurons function during hippocampaldependent tasks remain a hot debated topic (Kempermann, 2002; Kempermann et al., 2004; Schinder and Gage, 2004; van Praag, 2009; Deng et al., 2010) .
One way to assess the function of new neurons in the adult hippocampus is to determine whether they become selectively activated while performing a hippocampal-dependent task. Immediate early gene (IEG) expression has been widely accepted as a marker for neuron activation, although the physiological mechanisms underlying their expression are not well understood (Guzowski et al., 2005) . Recent studies have used the expression of IEGs such as c-Fos, Zif268, and Arc to demonstrate that new granule neurons become activated during performance on hippocampal-dependent cognitive tasks Ramirez-Amaya et al., 2006; Kee et al., 2007; Tashiro et al., 2007; Snyder et al., 2009c; Trouche et al., 2009) . It has been hypothesized that this activation indicates a role for new neurons in hippocampaldependent learning and memory retrieval.
The assessment that new neurons are activated during hippocampal-dependent learning or memory retrieval can be problematic as many recent studies have not properly controlled for the effects of acute bouts of locomotor activity required to perform the cognitive task on inducing IEGs. These studies typically compared IEG expression of animals performing a behavioral task to animals that remained housed in standard laboratory cages, or did not equate the relationship between IEG expression and distance traveled while performing the task Ramirez-Amaya et al., 2006; Kee et al., 2007; Tashiro et al., 2007; Trouche et al., 2009) .
There is reason to speculate that IEG expression in the granule cells may be induced by the physical activity necessary to complete hippocampal-dependent task. One not widely known or underappreciated feature of hippocampus granule neurons is that they are quantitatively activated by acute bouts of voluntary movement. For example, wheel running increases c-Fos expression in the granule cell layer which is strongly related (rϾ0.88) to the distance the animal traveled 90 -120 min before euthanasia (Rhodes et al., 2003a; Clark et al., 2009; Clark et al., 2010) . The acute c-Fos response from running does not habituate and the induction continues at a similar level even after 50 days of continuous access to running wheels (Lee et al., 2003; Clark et al., 2010) . Our laboratory has recently reported that new granule neurons preferentially display c-Fos in response to acute bouts of running as compared to preexisting granule neurons ). While it is well established that c-Fos is up-regulated from running in the dentate gyrus, to the best of our knowledge, whether other IEGs become up-regulated from acute bouts of running in new and pre-existing granule neurons are unknown. It is also unknown if IEG expression in the granule cell layer can be induced in an activity dependent manner during home cage activity, as opposed to more robust repetitive movements specific to running.
The purpose of this study is three-fold. The first objective of this study is to determine which IEGs are most influenced by acute locomotor activity in new and preexisting granule neurons. Arc and Zif268 were chosen because these IEGs, as well as c-Fos, are commonly used as markers of new neuron activation in association with hippocampal-dependent learning and memory task performance RamirezAmaya et al., 2006; Kee et al., 2007; Tashiro et al., 2007; Snyder et al., 2009c; Trouche et al., 2009) . Further, these IEGs are also well characterized for their expression following learning tasks and the induction of long-term potentiation (as reviewed in Abraham et al., 1991; Dragunow, 1996; Knapska and Kaczmarek, 2004; Bramham et al., 2008) . Occasionally, these IEGs can be regulated differently by the same stimulus (Douglas et al., 1988; Cole et al., 1989; Dragunow et al., 1989; Wisden et al., 1990; Kaczmarek et al., 1999; Guzowski et al., 2001) . Identifying IEGs that can distinguish between neuronal activation related to cognitive function as opposed to locomotor activity is crucial for understanding the functional contribution of new neurons in cognition.
The second objective of this study was to determine whether IEG activation and neurogenesis are related to distance traveled in home cages without running wheels. One possibility is that only traveling distances at fast speeds, sufficient to tax aerobic capacity and activate the stress response, can induce IEG expression in the granule cell layer. If this is the case, then normal locomotion in home cages would not be enough to stimulate IEG expression or new neuron formation in an activity-dependent manner. The outcome of this experiment is important for determining whether acute bouts of movement, similar to those necessary to complete a small number of trials on less physically taxing cognitive tests can induce IEGs, or whether robust repetitive movements are necessary to induce IEG expression in granule cells.
The third objective of this study was to determine whether an elevation of IEGs from running is a result of a long-term increase in basal IEG expression, or the reflection of acutely induced cellular activity. IEGs have been most commonly used as markers for acute neural activity. However, IEGs have a baseline expression in the brain that varies between regions and is maintained by ongoing synaptic or hormonal signaling (Beckmann and Wilce, 1997; Herdegen and Leah, 1998; Lee et al., 1998; Shirayama et al., 1999; Guzowski et al., 2001) . Fluctuations from basal IEG concentrations can be readily detected following application or removal of a stimulus (Lee et al., 1998; McGahan et al., 1998; French et al., 2001) . The hippocampal granule cell layer is a unique brain area in that basal levels of c-Fos, Zif268, and Arc are all low (Gass et al., 1992; French et al., 2001 ). However, a possibility exists that running may induce a long-term upward shift in the basal IEG protein expression.
The results of this study provide insight into the function of new neurons generated from running. Further, results provide useful information for future studies using IEGs as markers of neuronal activation in cognitive tests assessing the function of new neurons.
EXPERIMENTAL PROCEDURES Animals and husbandry
Cohorts of female C57BL/6J mice of 5 weeks of age arrived at the Beckman Institute Animal facility from the Jackson Laboratory. Females were used because they run more than males (Clark et al., 2011) . Upon arrival, mice were housed four per standard polycarbonate shoebox cages with corncob bedding, 7097 ¼ (Harlan Teklad, Madison, WI, USA) for 2 weeks. The mice were then individually housed either in standard shoe box cages, custom home cages (without wheels) used for video tracking, or cages with wheels as described below. Rooms were controlled for temperature (21°C) and photo-period (12-h L:D; lights on at 7 AM and off at 7 PM). Food (Harlan Teklad 7012) and water were provided ad libitum. The Beckman Institute Animal Facility is AAALAC approved. All procedures were approved by the University of Illinois Institutional Animal Care and Use Committee and adhered to NIH guidelines. All efforts were made to minimize the number of animals used and their suffering.
Dimensions of running wheel cages were 36ϫ20ϫ14 cm 3 (LϫWϫH) with a 23 cm diameter wheel mounted in the cage top (Respironics, Bend, OR, USA). Wheel rotations were monitored continuously in 1 min increments throughout the experiments via magnetic switches interfaced to a computer. Dimensions of home cages without wheels for video tracking were 34ϫ18ϫ16 cm 3 (LϫWϫH). Video tracking cages were constructed out of clear plastic with food and water access mounted on the side and clear plastic lids. Dimensions of standard polycarbonate shoebox cages without wheels were 29ϫ19ϫ13 cm 3 (LϫWϫH).
Experimental design
Experiment 1: IEG induction from wheel running in new and pre-existing granule neurons (nϭ16). The primary objective of this experiment was to determine whether Arc, Zif268, and c-Fos become up-regulated from wheel running in new and pre-existing granule neurons.
Mice (7 weeks old) were placed individually in cages either without (nϭ6; Sedentary) or with running wheels (nϭ10 Runners) for 31 days. The first 10 days all mice received daily injections of 50 mg/kg 5-Bromo-2-deoxyuridine (BrdU) to label dividing cells. Note that mice were deliberately not housed in cages with locked wheels because mice climb in locked wheels and we wanted to keep physical activity to a minimum in the sedentary group. On day 32, mice were euthanized 2 h after the height of their active period, approximately 3-5 h after the lights were shut off in the animal room.
Experiment 2: neurogenesis and IEG induction in home cages without wheels (nϭ8). The objective was to determine if IEG activation and new neuron formation is related to distance moved in home cages without running wheels.
Mice (7 weeks old) were individually housed in custom-made home cages for video tracking for 31 days. Starting on day 3, all mice received daily injections of 50 mg/kg BrdU for 10 days, to label dividing cells. Horizontal distance traveled per day in the home cages was recorded for each sedentary mouse by overhead video cameras and analyzed using TopScan 2.0 (Clever Sys, Vienna, VA, USA) video tracking software (Zombeck et al., 2008) . On day 32, mice were euthanized 2 h after the height of their most active period, approximately 3-5 h after the lights shut off in the animal room.
Experiment 3: IEG induction during the inactive light phase (nϭ24).
The objective of this experiment was to determine whether an elevation of IEGs from running reflects a long-term increase in basal IEG expression or acute cellular activity. If IEG expression in the granule cell layer from running is a result of a long-term increase in basal expression, then we reasoned that IEG expression will remain elevated during a period of relative inactivity following several hours of running. Number of wheel revolutions were monitored during the light cycle, a period during which running is minimal. If IEG expression decreases in correlation with decreased distance traveled or is no different from sedentary mice, this would constitute evidence that IEG induction from running is a reflection of acute cellular activity. On the other hand, if IEG induction remains elevated even though running has decreased, this would indicate that running increases basal IEG expression in granule cells.
Mice (7 weeks old) were individually housed in cages with (nϭ18; Runners) or without (nϭ6; sedentary) running wheels for 31 days. The first 10 days all mice received daily injections of 50 mg/kg BrdU to label dividing cells. On day 32, runner mice were euthanized in three groups (nϭ6 per group) at 3, 6, or 9 h after the onset of the light cycle in the animal rooms (a period of relative inactivity for mice). In addition, two sedentary mice were euthanized at each respective time point.
Immunohistochemistry
Following Clark et al. (2008) , mice were anesthetized with 150 mg/kg sodium pentobarbital (ip) and then perfused transcardially with 4% paraformaldehyde in a phosphate buffer solution (PBS). Brains were post-fixed overnight, and transferred to 30% sucrose in PBS. Brains were sectioned using a cryostat into 40 m coronal sections and stored in tissue cryoprotectant at Ϫ20°C. Separate one-in-eight series of these sections (i.e. series of sections throughout the rostro-caudal extent of the brain with 320 m increments separating each section) were stained in each of the following ways. 1) BrdU-DAB. Purpose: To detect BrdU-positive (newly divided) cells in the dentate gyrus. Free floating sections were washed in Tris-buffered solution (TBS) and then treated with 0.6% hydrogen peroxide. To denature DNA, sections were treated with 50% de-ionized formamide, 10% 20XSCC buffer, 2N hydrochloric acid, and 0.1 M Boric acid. Sections were then treated with a solution of 0.3% Triton-X and 3% goat serum in TBS (TBS-X plus), and then incubated in primary antibody against BrdU made in rat (Accurate, Westbury, NY, USA) at a dilution of 1:100 in TBS-X plus for 72 h at 4°C. Sections were then washed in TBS, treated with TBS-X plus for 30 min and then incubated in secondary antibody against rat made in goat at 1:250 in TBS-X plus for 100 min at room temperature. Sections were then treated using the ABC system (Vector, Burlingame, CA, USA) and stained using a diaminobenzidine kit (Sigma, St. Louis, MO, USA). 2) Arc, c-Fos, Zif268-DAB. Purpose: To detect the presence of IEGs in the granule cell layer. Free floating sections were washed in PBS and then treated with 0.6% hydrogen peroxide. Sections were then treated with a solution of 0.2% Triton-X and 5% goat serum in PBS (PBS-X plus) for 1 h, and then incubated in primary antibody against c-Fos (Calbiochem, San Diego, CA, USA), Arc (SySy, Goettingen, Germany), or Zif268 (Santa Cruz Biotech, Santa Cruz, CA, USA) made in rabbit at a dilution of 1:18,000, 1:10,000, or 12:000, respectively in PBS-X plus for 48 h at 4°C. Sections were then washed in PBS, treated with PBS-X plus for 60 min and then incubated in secondary antibody against rabbit made in goat at 1:250 in PBS-X plus for 90 min at room temperature. Sections were then treated using the ABC system (Vector) and stained using a diaminobenzidine kit (Sigma). 3) Triple-fluorescent label. To determine the proportion of BrdUϩ and BrdU-negative (BrdUϪ) neurons in the dentate gyrus that expressed an IEG. The procedure for BrdU-DAB was repeated except for the following. A cocktail was used for the primary antibody step that included rat anti-BrdU (1:100; Accurate, Westbury, NY, USA), mouse anti-NeuN (1:50; Chemicon, Billerica, MA, USA), and either rabbit anti-c-Fos (1:7000; Calbiochem), anti-Arc (1:1000; SySy, Goettingen, Germany), or anti-Zif268 (1:2000; Santa Cruz Biotech). Secondary antibodies made in goat were conjugated with fluorescent markers (Cy2 anti-rabbit, Cy3 anti-rat, Cy5-anti mouse; Jackson ImmunoResearch, West Grove, PA, USA) at dilution 1:200 and also delivered as a cocktail.
Image analysis
BrdU-DAB, Arc-DAB, c-Fos-DAB, and Zif268-DAB. Following Clark et al. (2008) , the entire granule layer (bilateral), represented in the one-in-eight series was photographed by systematically advancing the field of view of the Zeiss brightfield light microscope, and taking multiple photographs, via camera interfaced to computer, under 10ϫ (total 100ϫ) magnification. Positively labeled cells in these photographs were counted to generate unbiased estimates of total number of labeled cells (BrdU, Arc, or Zif268) . In six runners, IEG cells counts were conducted separately for the supra-or infra-pyramidal blades of the granule cell layer for comparison of counts between locations. Positively labeled cells that were predicted to be in the top plane of the sections were not included in cell count estimates. In addition, the total volume of the dentate gyrus represented in the series was measured so that the IEG counts could be expressed per cubic micrometer dentate gyrus sampled. Area per section was obtained by outlining the entire bilateral granule cell layer. Volume was obtained by multiplying average area per section by the number of sections and then by the space between sections for each animal.
Triple label. Following Clark et al. (2009) , a confocal Leica SP2 laser scanning confocal microscope (using a 40ϫ oil HCX PL APO C5 objective with 1.25 numerical aperture, pinhole size 81.35 m, 1-Airy Unit) was used to determine the proportion of BrdU cells (BrdUϩ) that differentiated into neurons (NeuNϩ) and to determine the proportion of neurons (BrdUϩ/NeuNϩ, or BrdUϪ/ NeuNϩ) displaying an IEG (Arc, c-Fos, or Zif268). Each image sequentially captured a part of the dentate gyrus on a single plane (randomly selected on the z-axis) that was just out of view from previous image. This sequential imaging was done until the entire medial to lateral extent of the each bi-lateral granule cell layer was captured. The bi-lateral granule cell layer was imaged in three to four hippocampal sections (spanning the rostral, medial, and cau-dal extent) of three to four sedentary and farthest running mice. All the new (BrdUϩ/NeuNϩ) and pre-existing (BrdUϪ/NeuNϩ) granular neurons, as well as the number of neurons co-labeled with an IEG (BrdUϪ/NeuNϩ/IEGϩ, or BrdUϩ/NeuNϩ/IEGϩ) in that plane were counted for each image.
IEG-expressing new neurons were also analyzed for the location within the granule cell layer. The number of IEG expressing new neurons that shared a border directly adjacent to the hilus of the granule cell layer was compared with the proportion of IEG expressing new neurons that had migrated into the granule cell layer (as defined by not having a border adjacent to the hilus). This analysis was conducted to determine whether the probability of IEG expression in new neurons differs depending on the location of the new neurons within the granule cell layer.
Statistical analysis
Data were analyzed using SAS, or R statistical software. In all analyses, PϽ0.05 was considered statistically significant.
The proportion of BrdU labeled cells in the granule cell layer that also expressed NeuN was compared in sedentary and runner conditions by logistic regression. To determine whether new neurons were more likely to display an IEG from running, the proportions of NeuNϩ/BrdUϪ and NeuNϩ/BrdUϩ neurons expressing an IEG (Arc, c-Fos, or Zif268) were also compared by logistic regression. For these analyses, the deviance is reported in place of an F statistic.
The number of IEG cells per mm 3 and total number of new neurons in the granule cell layer were compared between running and sedentary animals using a two sample T-test assuming equal variance. Pearson's correlations between amount of running (e.g. km/h or km/d) and number of IEG positive cells or number of new neurons were analyzed using simple linear regression.
In experiment 3, the sedentary average was obtained by collapsing data across pairs of mice sampled 3, 6, or 9 h after the onset of the light cycle. The number of IEG cells per mm 3 were compared between sedentary and runners sampled 3, 6, or 9 h after lights on using a one-way ANOVA. T-tests with Tukey correction were used for pair-wise group comparisons on statistically significant ANOVAs.
RESULTS Experiment 1: IEG induction from wheel running in new and pre-existing granule neurons
Wheel running. Inspection of Fig. 1A shows that wheel running distance increased steadily for the first 19 days and thereafter maintained a plateau. Average amount of wheel running over the entire experiment was 6.1 km/d (Ϯ0.29 SE).
Neurogenesis from wheel running. Wheel running increased neurogenesis approximately two-fold ( Fig. 2A, B (Morgan et al., 1987; Zangenehpour and Chaudhuri, 2002) . The Pearson's correlation (r) between level of running accumulated within 2 h before euthanasia and number of c-Fos positive cells among the 10 individuals were 0.89 (Fig. 2F) [Pϭ0.0006]. See Fig. 3 for a representative plot of running levels at hourly intervals before euthanasia for a representative low, medium, and high running mouse. c-Fos expression did not differ between the supra-and infra-pyramidal blades.
Zif268. Running caused approximately a three-fold increase in the number of Zif268 positive cells in the dentate gyrus (Fig. 2G, H) [t(14)ϭ5.7, PϽ0.0001]. Previous literature has established that Zif268 protein peaks at approximately 2 h following cell activation, but displays a more broad bell shaped expression curve than c-Fos (Richardson et al., 1992; Zangenehpour and Chaudhuri, 2002) . The Pearson's correlation (r) between level of running 2 h before euthanasia and number of Zif268 positive cells among the 10 individuals were 0.65 [Pϭ0.04]. However, the correlation was even stronger (rϭ0.79) for distance run 4 h preceding euthanasia (Fig. 2I) [Pϭ0.006] . Given the large range in Zif268 cell stain intensity (light grey to dark black cells) as compared to c-Fos and Arc, as well as the broad expression curve, it is likely we were able to detect protein expression over a longer period of time. Zif268 expression did not differ between the supra-and infra-pyramidal blades.
Arc. Running caused approximately a three-fold increase in the number of Arc positive cells in the dentate gyrus (Fig. 2J, K) (Fig. 2L) [Pϭ0.0004]. Arc expression did not differ between the supra-and infra-pyramidal blades. Fig. 4A, B) . Fig. 4C, D) . In sedentary mice, a total of 15,674 BrdUϪ and 178 BrdUϩ neurons were analyzed for the expression of Zif268. In runners, a total of 11,332 BrdUϪ and 263 BrdUϩ neurons were analyzed for the expression of Zif268. The basal and running-induced Zif268 levels in the dentate gyrus were noticeably greater than c-Fos in the granule cells (see Fig. 2D-I Localization of IEG-expressing new neurons within the granule layer. Collapsing data across all analyzed IEGs, a combined total of 2,197 BrdUϩ and 125,885 BrdUϪ neurons were examined in two sub-regions of the granule cell layer of the dentate gyrus, the inside layer adjacent to the hilus versus the remaining layers, to determine the proportion expressing an IEG (either c-Fos, Arc, or Zif268). The BrdUϩ neurons were concentrated in the inside layer adjacent to the hilus where 70% of the 1,433 neurons were located for runners and 81% of the 764 were located for sedentary animals. Thus, runners thus had a larger proportion of new neurons located away from the hilus than sedentary mice [Devianceϭ32.6, PϽ0.0001]. In contrast, IEG-labeled cells were evenly distributed from the inside layer adjacent to the hilus to the outer edge of the granular layer (away from the hilus). In runners, the percentage of new neurons displaying an IEG was two-fold greater if the new neurons were located in the middle of the granule cell layer as compared to adjacent to the hilus (Fig. 5) [Devianceϭ6.8, Pϭ0.009] . The same comparison could not be made in sedentary mice due to the low number of IEG expressing new neurons (two, four, and zero for c-Fos, Zif268, and Arc, respectively).
Running-induced IEG expression in new neurons. Proportions of BrdUϩ and BrdUϪ neurons expressing c-Fos (see

Experiment 2: neurogenesis and IEG induction in home cages without wheels
Home cage activity. Inspection of Fig. 1B shows distance traveled in home cages increased slightly each day, after habituation to the home environment by day 2. The average distance traveled over the entire experiment was 0.44 km/d (Ϯ0.019 SE).
Correlation between home cage activity and neurogenesis. Average daily distance traveled in home cages was not significantly correlated with the number of new neurons formed for each animal (see Fig. 6A ). Pearson's r between average daily distance traveled and new neuron survival was 0.04 (PϾ0.05).
IEG induction from home cage activity. No significant correlations were observed between c-Fos, Zif268, or Arc expression and distance traveled in home cages during the respective IEG induction periods (see Fig. 6B-D) . Pearson's r for acute c-Fos, Zif268, and Arc induction and distance traveled was Ϫ0.13, 0.41, and 0.50, respectively (all PϾ0.05).
Experiment 3: IEG induction during the inactive light phase
c-Fos. Average distance traveled on running wheels 2 h before mice were euthanized was negligible and similar between groups sampled 3, 6, or 9 h after the onset of the light cycle. The collapsed average across all groups was 0.03 km (Ϯ0.014 SE). c-Fos cell density did not differ between runners and sedentary mice. Average density for sedentary animals was 1.2 (Ϯ0.36 SE) cells/mm 3 (ϫ10 3 ). Average density of c-Fos cells for runners sampled at 3, 6, Fig. 3 . Distance traveled on wheels 12 h before euthanasia for a representative low, medium, and high running mouse.
and 9 h after lights on were 1.0 (Ϯ0.25 SE), 1.3 (Ϯ0.15 SE), and 0.8 (Ϯ0.17 SE), respectively.
Zif268. Average distance run 4 h before mice were euthanized was negligible and similar between groups sampled 3, 6, or 9 h after the onset of the light cycle. The collapsed average across all groups was 0.2 km (Ϯ0.14 SE). Zif268 cell density did not differ between runners and sedentary mice. Average density of Zif268 cells in sedentary mice was 6.4 (Ϯ1.11 SE) cells/mm 3 (ϫ10 3 ). Average density for runners sampled at 3, 6, and 9 h after lights on was 8.0 (Ϯ1.98 SE), 11.2 (Ϯ1.10 SE), and 9.1 (Ϯ 0.55 SE), respectively.
Arc. Average distance run 8 h before mice were sampled either 3, 6, or 9 h after the onset of the light cycle was 2.2 km (Ϯ0.62 SE), 0.6 km (Ϯ0.07 SE), and 0.2 km (Ϯ0.08 SE), respectively [F(2,15)ϭ8.54, Pϭ0.003]. Post-hoc analysis revealed that mice sampled 3 h after onset of the light cycle ran significantly more than those sampled at 6 [t(15)ϭ1.9, Pϭ0.012] and 9 h [t(15)ϭ2.2, Pϭ0.006]. However, mice sampled at 6 and 9 h did not statistically differ from each other. Arc expressing cell density differed between groups [F(3,20) 
DISCUSSION
Results demonstrate that wheel running closely regulates the induction of three different IEGs in the hippocampal granule cell layer. The expression of c-Fos, Zif268, and Arc was all strongly correlated with the distance the animal traveled on wheels during the respective periods of induction for each IEG (see Fig. 2 ). The degree of IEG induction observed in the granule cell layer from wheel running is similar to previously reported inductions in mice performing spatial learning tasks or exploring novel environments (Stone et al., in press; Ramirez-Amaya et al., 2005; Kee et al., 2007; Trouche et al., 2009; Tashiro et al., 2007) . Further, we report that an increased proportion of new dentate granule cells, 3-4 weeks old, were recruited into the neuronal c-Fos, Arc, and Zif268 induction from wheel running when compared to pre-existing or younger neurons (see Fig. 4 ). Arc, c-Fos, and Zif268 induction from running attenuated during periods of relative inactivity, suggesting these IEGs are induced from acute running and are not the result of long-term increases in basal concentrations within the granule cell layer. Taken together, these data suggest several IEGs are up-regulated in new and pre-existing neurons from acute bouts of physical activity.
While c-Fos, Zif268, Arc, and new neuron formation appear to be regulated by running (see Fig. 2 ), they are not strongly related to horizontal distance traveled in home cages without running wheels (see Fig. 6 ). The literature on the neurophysiology of home cage activity (without wheels) is scarce, however our laboratory recently reported no relationship when comparing distance traveled in home cages and number of new neurons across 12 different inbred strains of mice. This is in contrast to the positive relationship (rϾ0.6) observed when comparing distance traveled on running wheels and amounts of neurogenesis in the same 12 strains (Clark et al., 2011) . Little is also known about whether IEGs can be induced in an activity-dependent manner in the granule cell layer by other forms of less robust voluntary movement. The current study demonstrates that in C57BL/6J females, a strain that commonly displays a strong positive relationship between running distance, IEG induction, and neurogenesis in the hippocampus, do not display a relationship between distance traveled in home cages and neurogenesis or IEG induction. It is possible that a threshold level of physical activity is required before IEG induction and neurogenesis can be enhanced, such as that which taxes aerobic capacity (Pereira et al., 2007; Erickson et al., 2009; Chaddock et al., 2010) .
The discovery that Arc is induced in neurons directly proportional to running intensity is particularly interesting because Arc expression in the hippocampus has largely been attributed to its role in learning and memory (Tzingounis and Nicoll, 2006; Bramham et al., 2008) . The current study revealed that Arc is induced in the dentate gyrus of mice running on a fixed running wheel for over 30 days (see Fig. 2L ). Thus, it is unlikely that learning was responsible for the Arc induction, as the animals were not experiencing any novel stimuli. To the best of our knowledge, this is the first example of Arc induction in the hippocampus from a voluntary behavior that appears to be absent of learning.
Evidence suggests that young neurons at a critical age, approximately between 1 and 6 weeks, become preferentially incorporated into behavior involving the hippocampus. Young adult-generated granule neurons display unique electrophysiological properties such as decreased threshold for LTP induction (Wang et al., 2000; Snyder et al., 2001; Schmidt-Hieber et al., 2004; Ge et al., 2007) suggesting new neurons may be more likely than older neurons to display an action potential during an event that activates the granule cell layer (Snyder et al., 2009a) . Three recent reports using IEGs as neural activity makers following animal behavior might support this hypothesis, as they found IEGs were twice as likely to be induced in new neurons when compared to younger and pre-existing granule cells (Ramirez-Amaya et al., 2006; Kee et al., 2007; Clark et al., 2009) . The current study extends those findings, as Arc, Zif68, and c-Fos from wheel running were each more likely to become expressed in 3-4 week old new neurons, as compared to non-BrdU labeled NeuN cells which include mostly older pre-existing cells (see Fig.  4 ). On the other hand, a recent study used three different markers of cell division to directly compare older labeled neurons to younger labeled neurons and found a similar proportion of c-Fos induction from a hippocampal task in all neuron cohorts (Stone et al., in press ). The authors concluded that a comparison of BrdU labeled neurons to unlabeled neurons, as was done in our study and previous studies, may be confounded as unlabeled neurons also contain a small percentage of immature neurons that have not yet become incorporated into hippocampal circuitry (Brandt et al., 2003; Kempermann et al., 2003; Clark et al., 2010) . Hence, recruitment rates of mature neurons into IEG responses will be underestimated by sampling unlabeled cells because the sample also includes a small proportion of young non-functional NeuN cells. Given the recent Stone et al. findings, we cannot strongly conclude that new neurons are preferentially recruited into IEG responses to running. However, we can conclude that new neurons are recruited at a high rate into the IEG response.
New hippocampal neurons have been primarily studied for their potential role in learning. By reducing levels of neurogenesis or measuring the expression of IEGs in new neurons, studies have suggested that adult-born neurons are involved in several hippocampal-required learning tasks including spatial navigation (Snyder et al., 2005) , contextual learning (Hernandez-Rabaza et al., 2009), novel object/place learning ), pattern separation (Clelland et al., 2009) , and trace conditioning (Shors et al., 2002) . Moreover, other studies have suggested that new neurons from running play an important role in extending plasticity for spatial learning and memory (van Praag et al., 1999a; Clark et al., 2008) . Under this context, wheel running appears to uniquely activate new neurons because it is seemingly unrelated to hippocampal-learning, since mice are habituated to running wheels and no new spatial information is being acquired.
It is possible that new neurons, characterized by their high degree of plasticity, become incorporated into whatever task the hippocampus is engaged in at any particular moment. Bland postulated an additional function of the hippocampus and related limbic structures is the processing of sensory or motor information (Bland, 1986; Oddie and Bland, 1998) . The second major class of cells in the rodent hippocampus is the theta cell, which fires action potentials with a frequency and amplitude proportional to the velocity and magnitude of voluntary movement (O'Keefe, 2007) . For instance, theta-rhythm recorded in the hippocampus of wheel running rats displays a greater frequency and amplitude as the velocity of running increases (Oddie et al., 1996) . Theta-rhythm induced from movement has been proposed to coordinate ensembles of cell activity involved in processing sensory cues necessary for maintenance of motor activity (Oddie and Bland, 1998; Bland and Oddie, 2001) . Therefore, new neurons may be recruited into the function of the hippocampus during running by passively processing ongoing sensory information or actively modulating motor behavior (i.e. current intensity of activity). Recent studies using irradiation to reduce neurogenesis from running did not report any impairments in wheel running or motor task performance, so new neurons may not be critical for sensory or motor processing (Clark et al., 2008; Wojtowicz et al., 2008) . However, neither study reported a complete ablation of neurogenesis. As technology improves for blocking neuron formation in the hippocampus, it would be interesting to test if a near complete removal of neurogenesis impairs running performance.
Running appears to increase the maturation and integration of new neurons into hippocampal circuitry. Precursor cells located in the inside layer adjacent to the hilus can differentiate into young neurons, and it has been suggested that as new neurons mature, they continue to move, or are pushed outwards to the superficial edges of the granule cell layer. Neurons located near the outer layers display a more pronounced dendritic arborization than neurons in the inner layer (Green and Juraska, 1985; Redila and Christie, 2006) , suggesting that an increase in complexity of neuron morphology occurs with neuron age (van Praag et al., 2002; Schmidt-Hieber et al., 2004 ). In the current study, running mice had a greater proportion of new neurons located deep in granule cell layer than sedentary mice. These new neurons located in the middle of the granule cell layer were twice as likely to express either c-Fos, Zif268, or Arc from running when compared to the neurons located near the hilus (see Fig. 5 ). One explanation for these observations is that running may alter the maturation of a subset of new neurons located deeper in the granule cell layer, and that these neurons may be more likely to become functionally integrated. Additional support for this hypothesis has been demonstrated in recent literature. Running increased the proportion of 21 day old neurons capable of expressing Arc following kainate-induced seizure, suggesting that a greater proportion of young neurons from running are integrated into hippocampal circuitry (Snyder et al., 2009b) . Further, running increased the proportion of young neurons that expressed the protein NeuN, a commonly used marker for mature neurons (Clark et al., 2010) . Our data in conjunction with previous reports suggest that a subset of neurons formed from running may develop more rapidly and incorporate into granule cell circuitry.
IEG expression from running-induced neural activity may be important for the increased survival and differentiation of new neurons from running. Several recent reports have revealed that neural precursor cells have activity sensing properties that are necessary for their differentiation into neurons (Deisseroth et al., 2004) . We found wheel running increased the survival of granule cells in a manner strongly correlated with average distance the animal traveled each day (see Fig. 2C ). Moreover, Arc, Zif268, and c-Fos were all induced from running in an activity-dependent manner (see Fig. 2F , I, L). These relationships suggest that neural activity from wheel running may directly influence the survival of cells. Indeed, the expression of several genes that are transcribed by activity-induced IEG proteins also regulate hippocampal neurogenesis [e.g. neuropeptide Y by Zif268 (Wernersson et al., 1998) , nerve growth factor by c-Fos (Herdegen and Leah, 1998; Kovacs, 1998), etc.] . Moreover, the expression of brain derived neurotrophic factor (BDNF), which is necessary for the survival of newly formed neurons (Li et al., 2008) , appears to regulate activity-dependant expression of the effector gene Arc (Bramham, 2008) . It seems possible that IEGs are translating neural activity from wheel running into factors that promote the survival and differentiation of new neurons.
CONCLUSION
In conclusion, we report that acute bouts of wheel running induce the expression of three different IEGs, c-Fos, Zif268, and Arc, in the granule cell layer of the hippocampus. IEG induction and neurogenesis is specific for wheel running and does not occur for lower levels of physical activity such as that displayed in the home cage without running wheels. Moreover, new adult-born neurons are more likely to express c-Fos, Arc, and Zif268 from running than the population of pre-existing or younger neurons. These data, in conjunction with other reports, suggest that the granule cell layer may play a role in passively processing ongoing sensory information or actively modulating motor behavior, and new neurons can be incorporated into this response. Whether new neurons generated from running are critical for processing sensory-motor information necessary for running, or whether they are also capable of being activated by hippocampus-dependant learning tasks are topics for future investigations.
